Abstract.-The action spectrum for breaking diapause in the oak silkworm, Antheraea pernyi Guer., and the codling moth, Laspeyresia pomonella (L.), was determined from 400 to 700 nm with a wedge-interference spectrograph. Insects were exposed to ten hours of white light, followed by six hours of spectral light each day for 45 days. The portion of the spectrum between 400 and 500 nm was found to be the most effective in terminating diapause. Diapause was broken for both insects with energy levels as low as 0.02 jAw/cm2.
light on insects, little information is available concerning the mechanism of diapause. The work described in this paper was performed to determine action spectra for breaking diapause as a prerequisite to the isolation of light-receptor pigments.
Williams et al.2 reported that exposure to wavelengths shorter than 560 nm caused complete breaking of diapause for oak silkworm (Antheraea pernyi Guer.) pupae. Lees3 found that light between the wavelengths of 450 and 475 nm was most effective in the production of viviparous progeny in the aphid, Megoura viciae. Barker et al.4 observed that radiation in the 450-to 500-nm region was most effective in preventing diapause in the imported cabbageworm, Pieris rapae (L.). Harris et al.5 indicated that the region of the light spectrum effective in preventing diapause in the boll weevil, Anthonomus grandis Boh., lies between 485 and 560 nm. However, Mangum et al.6 found no difference between several bands in the 380-to 640-nm region for preventing diapause in the boll weevil. Bruce and Mlinis7 showed that the action spectrum for initiating a circadian rhythm of egg hatching in the moth Pectinophora gossypiella has a peak in the 400-to 480-nm region with a sharp cutoff above 500 nm. Frank and Zimmerman8 obtained a similar action spectrum for light-induced phase shifts of the circadian rhythm of adult emergence in Drosophila pseudoobscura.
Materials and Methods.-Diapausing oak silkworm pupae in their cocoons were collected outdoors and shipped by air from Japan. Diapausing codling moths, Laspeyrevia pomonella (L.), were reared on an artificial medium under short-day light conditions, LD 8:16 (8 hr light, 16 hr darkness) at 220C; the larvae were shipped by air from Yakima, Washington, to Beltsville, Maryland, and maintained under similar conditions until several weeks before the initiation of the experiment, when they were removed from the corrugated cardboard strips ill which they had been shipped.
The oak silkworm pupae were removed from the cocoons at least 1 week before each experiment and were then loaded into an irradiation holder constructed with two blocks of aluminum 20 X 50 X 1 cm. The aluminum blocks were bolted together with a 0.5-cm space separating them, and 136 holes (17 rows of 8 each) were drilled through both blocks for positioning of the insects. These holes were 2.5 cm in diameter, and brass-tubing inserts in each hole provided a space suitable for maintaining all the insect pupae in proper orientation. The pupae were all oriented with their heads toward the radiation. Both sides of the block were covered with Plexiglas plates 3 mm thick to prevent the insects from changing orientation or escaping. Smaller blocks with spaces for 40 insects were constructed in a similar manner for the control experiments. The insects in the blocks were conditioned under LD 8:16 until the irradiation was begun.
The codling moth larvae were carefully removed from their webbing and loaded into individual compartments of a special holder at least 1 week before each experiment. This holder was a black-anodized aluminum block, 20 X 50 X 1 cm, with 1600 equally spaced compartments milled into the block for positioning the insects. Each compartment was 0.3 X 1.2 cm milled to a depth of 0.4 cm. Slots were cut 1.2 cm apart at right angles to the milled compartments so that anodized aluminum strips could be inserted as dividers. The block was covered with a clear Plexiglas plate secured to prevent the insects from escaping or moving from one compartment to another. Smaller blocks with spaces for 100 larvae were constructed in a similar manner for the control experiments. The insects in the blocks were conditioned under LD 8:16 until the experiment began. At the start of the experiment, most, but not all, of the insects had spun a new web.
Constant-temperature cabinets (biological oxygen demand, BOD type) fitted with special wooden doors containing double glass windows housed the insects during the irradiation studies. The blocks containing insects to be irradiated were mounted toward the rear of the cabinets with the surfaces to be irradiated facing the windows in the doors. The control blocks were placed in the same cabinets but below the level of the windows so as to be shielded from the beam from the spectrograph. Black-painted supports and dividers were inserted in the cabinets to hold the blocks and reduce reflections. Each cabinet incorporated a 15-watt daylight-fluorescent lamp positioned near the front of the BOD box above the window so as to illuminate both the test block and control block equally with white light.
The irradiation source was a wedge-interference spectrograph as described by Norris,9 modified by using two matched interference filters for one of the experiments. A firstorder interference wedge combined with a second-order wedge gave a narrower bandpass (10-13 nm) and stray radiation was reduced to less than 10 ppm. The spectrographs were mounted outside the BOD cabinets with the spectra focused on the insect blocks so that there Wvas blue light (400 nm) at one end of the block and red light (700 nm) at the other. Thbe neutral-density wedges over the interference wedges were positioned to change the intensity ratio from 1 to 0.06 from the top of the block to the bottom. For each insect position the spectral distribution of the irradiation was determined with a portable spectroradiometer similar to that described by Norris10
The BOD cabinets were housed in a temperature-controlled light-tight room. Up to three cabinets were in operation at a given time, but black-cloth shields minimized the leakage of radiation from one unit to another. The fluorescent lamps and the spectrograph lamps were controlled by separate time clocks programmed to provide 10 hr of radiation from the fluorescent lamps followed by 6 hr of radiation from the spectrographs. The timing sequence for each day was as follows: 0600, fluorescent lamp on; 1600 spectrograph on; 1610, fluorescent lamp off; 2200, spectrograph off.
The temperature within the cabinets was maintained at 210C 4 1.5CC for the codling moths and at 260C 4 1.50C for the silkworms. Humidity was kept high by maintaining a large tray of water in the bottom of each cabinet.
The cabinets were checked at least twice daily during the 0600-1600 time period to determine the number of emerging insects and to check all equipment. It was necessary to remove the oak silkworms as they emerged and clean the plastic cover to remove the debris created by insect emergence. The spectrograph lamps were changed after 3 weeks VOL. 63, 1969 of operation to avoid the possibility of a lamp failure during the experiment. Computed lamp life was 5 weeks at the 70-to 90-volt operating levels employed.
Absorption measurements on insect tissues were made with a Cary 14 R spectroreflectometer. The samples were mounted directly in front of the entrance to the integrating sphere to collect a maximum amount of the scattered radiation transmitted by the sample. The translucent portion of the cuticle or "window" overlying the brain removed from the head portion of an oak silkworm pupa was mounted over a 2-mm hole in a flat disk to measure the spectrum. The baseline of the spectrophotometer was first adjusted with the empty disk in place, since it was the limiting aperture.
Results and Discussion.-Preliminary experiments indicated that light energy levels of 0.05-0.5 ,w/cm2 were adequate to break diapause of codling moth larvae and of 0.01-0.2 Mw/cm2 adequate for the oak silkworm pupae. These experiments also demonstrated the care needed to exclude stray radiation. Barely detectable stray radiation caused the controls to break diapause in an early experiment. Two experiments were completed with each insect; however, in the first experiment with the codling moth larvae, most of the insects died before the test was finished and the results were not included. Reported results are based on the number of codling moth larvae which pupated or oak silkworm adults which emerged compared to the insects which were still in diapause after 45 days from the start of the experiment. The percentage of response was based on surviving insects. Mortality was less than 10 per cent for the codling moths and less than 5per cent for the oak silkworms.
The energy required to cause 50 per cent of the insects to break diapause was computed for each wavelength position. The results for the codling moths ( 1) show the most effective wavelength to be about 450 nm. The plotted points show the results at each wavelength together with estimates of the errors. Some emergence occurred at each wavelength position (400-700 nm), but we did not obtain 50 per cent response at any wavelength above 560 nm. However, levels of radiation in this experiment were very low (0.3 ;.w/cm2 maximum). The short-day controls in this experiment showed an emergence of 2 per cent and the long-day controls, 92 per cent. Results with the oak silkworms (Fig. 2 ) also show the most effective wavelengths to be in the blue, the greatest sensitivity being at the shortest wavelengths tested, 400-500 nm. The results of two experiments are plotted. The short-day controls showed an emergence of 0 per cent in both experiments and the long-day controls an emergence of 100 per cent in one experiment and 96 per cent in the other.
The action spectra for breaking diapause in these two insects are similar in that both show maximum sensitivity in the short-wavelength region. However, the oak silkworm shows a fairly flat response from 400 to 500 nm, while the codling moth shows a large loss of sensitivity in the 470-nm region, and below 430 nm. (20-25 nm bandpass). Open circles are data from expt. 2 with a double-filter spectrograph (10-13 nm bandpass). The curve represents the best estimate of the spectrum from the combined experiments. VOL. 63, 1969 These differences could be the result of screening because the codling moth larvae typically spin webbing around themselves and this webbing becomes yellowbrown with age. In addition, codling moth larvae contain pigmentation which absorbs in the 400-to 500-nm region. The silkworm, on the other hand, has a clear "window" in the cuticle over the brain to permit light to reach the brain. The absorption characteristics of a typical "window" from an oak silkworm pupa (Fig. 3) show an end absorption in the ultraviolet with very little absorption throughout the visible region. Williams,"' Lees,'2 and work in our laboratory indicate that the brain is the site of photoreception for breaking diapause. Therefore, in the case of the oak silkworm, screening effects will be small for wavelengths longer than 450 nm. Spectrophotometric measurements of the body fluids of this silkworm indicate that screening effects from these fluids would be slight for wavelengths longer than 400 nm.
We have also measured the absorption properties of the cocoon from the oak silkworm. The results (Fig. 4) are not in agreement with those reported by Williams et al.2 Our results show that the cocoon has a minimum absorption in the 1.3-M region and that the absorption progressively increases toward the shorter wavelengths. The failure to show a transmission "window" in the 500-nm region has been accepted by Williams (private communication) as correct. The cocoon has adequate transmission in the 500-nm region to permit radiation from the sun to trigger breaking of diapause because 0.2 Mw/cm2 is sufficient.
With an optical density of 3.0 at 500 nm, this requires a radiation level of 200 Mw/cm2 striking the cocoon, assuming no integration of scattered light. The noonday sun provides more than 500 Mw/cm2 in the 500-to 550-nm interval.'3 Although work of Williams and others2' 11 and work in our own laboratory indicate that the middle portion of the pupal brain is the site of photoreception, the identity of the light receptor material is not known. The main pigment in excised brains of oak silkworm pupae is a purple one having an absorption maximum at 540 nm; its absorption spectrum does not match the action spectra we obtained. It may be a carotenoprotein such as rhodopsin, the photochemically active form of vitamin A which has its absorption maximum at 550 nm. Carotenoids play a major role in vision and are important in photosynthesis, but they have not been demonstrated to be of importance in the photoperiodic response. Surgical removal of the optic lobes containing the purple pigment did not prevent breaking diapause in long days."4 Lees3 also observed that the optic lobes of the brain were not involved in the photoperiodic response of the aphid, Megoura. Evidently the purple pigment is not involved in diapause control.
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